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1 Introduction
Response LS on realistic power amplifier model for NR waveform evaluation was sent to RAN1 in last RAN4 meeting [1]. Due to the urgency to respond, some aspects of the PA model have been fully discussed in RAN4. This contribution provides further considerations on the PA model. 
2 Discussion
1) The agreement in RAN4
The proposals in the RAN4 LS are excerpted as below:

Proposal 1: For the RAN1 evaluations and simulations above 6GHz, RAN4 has not really investigated how suitable the Rapp model is for modeling the challenges facing the PA design such as low efficiency, high frequency, and wide channel bandwidth, etc. Nevertheless, the Rapp model is considered a better model than the clipping model. The Polynomial model suggested for below 6 GHz can also be re-used for above 6GHz and would be better than Rapp. RAN4 is still looking into more accurate PA modelling like the impact of memory effect for higher frequencies and wider bandwidths as intended by NR.

Proposal 2: For the RAN1 evaluations and simulations below 6 GHz LTE and Wi-Fi PA measurements results with candidate waveforms shall serve as the benchmark for modelling. RAN4 propose the following model based on real measurement using AM/AM and AM/PM polynomial approximation for initial studies:

From the LS, we see that:
· Even it was said that polynomial model could be used for above 6GHz, as there is no measurement data based on above 6GHz PA, therefore, we don't yet have an available polynomial PA model for above 6GHz evaluation;
· The polynomial PA model for below 6GHz provided by RAN4 is specific for UL;
· There is no agreed PA model in RAN4 for DL evaluation;
· There is no conclusion in RAN4 on whether and how to reflect memory effects in PA models.
2) The agreement in RAN1 email discussion
After receiving the response from RAN4, extensive email discussion was carried out in RAN1 and the agreements are copied as below:
[UL part]

The following working assumption was decided in the previous RAN1 meeting and is subject for confirmation:
RAN1 adopts the models provided in RAN4 LS (R1-166004) to the NR UL waveform evaluations
Proposal 1: confirm the working assumption. For below 6GHz UL use the model as given in RAN4 LS in R1-166004, for above 6GHz UL continue the discussion for polynomial model parametrization considering also potential impact from memory effects (consider the below 6GHz parametrization as a starting point). 
 [DL part] 
 Proposal 2: For below 6 GHz DL, consider as a starting point the below Rapp model parametrization assuming 46 dBm total output power and 57.6 dBm saturation power (this model considers DPD and CFR) .
	Parameter for Rapp model < 6GHz DL
	

	Target output power [dBm]
	46

	Saturation output power [dBm]
	57.6

	Smoothness factor p
	3

	Smoothness factor q
	5

	Fitting parameter A
	-0.14

	Fitting parameter B
	1.2


Note that the gain of the model can be chosen freely, as it depends on the input signal reference level. The expected output for LTE10 DL 64-QAM signal is 46 dBm, with ACLR 45 dB and meeting respective spectrum emission masks.
 Proposal 3: For above 6GHz DL, consider as a starting point a suitable Rapp model parametrization.
 [General]
Proposal 4: The PA operating point shall be set considering the 
-          spectrum mask for BS
o   36.104 clause 6.6.3.2.2 (Table 6.6.3.2.2-1) for WA BS when TX power is 46 dBm  
-          spectrum mask for UE
o   36.101 clause 6.6.2.1.1 (Table 6.6.2.1.1-1) for UE when TX power is 22 dBm  
-          ACLR for BS =>  45 dB (Table 6.6.2.1-1 of 36.104)
-          ACLR for UE =>  30 dB (Table 6.6.2.3.1-1 of 36.101)
-          EVM requirement for BS according to Table 6.5.2-1 of 36.104 
-          EVM requirement for UE according to Table 6.5.2.1.1-1 of 36.101
Proposal 5: Provided that spectrum mask, ACLR, and EVM are met, companies are reporting the PA operating point. In addition, companies may provide waveform evaluations with same PA operating point and fulfilling the spectrum mask, ACLR, and EVM.
Proposal 6: The potential impact from memory effects should be considered at least for above 6GHz operation and DL/UL wideband allocations.
Proposal 7: Further refinement on the above DL and UL PA models and parameters is not precluded, like for example considering the indoor hotspot BS with target out power of 24 dBm.
Proposal 8: Strive for a single model for each of UL and DL PA respectively which parameters does not depend on the TX power. 

Note1: the 22 dBm UL power level is according to the RAN4 utilized power level in PA model investigation.
Note2: The common output phase shift due to the polynomial PA model for UL is compensated and is not included in the Tx EVM calculation for waveform evaluation.
It is noted that the agreements in RAN1 cover both UL and DL. 
3) Requirements should be considered in UL and DL evaluation
For UL transmission, usually we run the RF simulation based on agreed simulation assumptions. For example, the simulation assumptions for UL 64QAM are listed here as a reference [2]:

· PA operating point: UTRAACLR1 = 33 dBc @ Pout = 22 dBm for 100RB QPSK signal 

· Modulator IQ imbalance = 25 dBc 

· Modulator carrier leakage = 25 dBc 

· Modulator C_IM3 = 60 dBc 
· Phase noise=[33] dBc 

· Transceiver noise= [-29.5] dBc 

From the assumptions, we see that the PA operating point is determined based on some prerequisites, e.g. the output power, signal bandwidth, modulation scheme, the spectrum requirements to be complied with, etc, which means only providing PA models is not enough for the waveform evaluation. 
Usually the requirements used for UE side to derive the MPR/A-MPR values include ACLR and out-of-band emissions (SEM or UEM). When the study moves forward to higher modulation schemes, e.g. UL 64QAM and UL 256QAM, it is found that EVM plays an important role to determine the MPR/A-MPR requirements for some cases. Therefore, in conjunction with the PA model and related parameters, the corresponding requirements shall also be considered in the waveform evaluation.
For BS side, the situation is similar. The explanation of unwanted emissions below is from the existing BS specification. 
Unwanted emissions consist of out-of-band emissions and spurious emissions. Out of band emissions are unwanted emissions immediately outside the channel bandwidth resulting from the modulation process and non-linearity in the transmitter but excluding spurious emissions.
It describes clearly that the UEM reflects more precisely for the near end spectrum characteristic of the transmitted signal. ACLR on the other hand reflects the integral spectrum characteristic. Thus, as spectrum related requirements, both UEM and ACLR shall be considered in the evaluation. 
Figure 1 is an illustration of using these spectrum related requirements in evaluation of waveforms. 
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Figure 1 Spectrum related requirements in waveform evaluation
PAPR for DL signal is much higher than that of UL signal for current LTE system. Meanwhile, the PA nonlinearity is much higher for BS than that of UE due to the larger output power. These factors make it difficult to realize better EVM requirement for BS side. Therefore, EVM must be considered when we use a non-linear BS PA model.

Observation 1: Appropriate RF requirements besides the PA model shall be considered in the waveform evaluation, e.g. SEM, ACLR and EVM. 
4) Considerations of BS PA model
Regarding the DL side, realistic BS PA models often use algorithms such as Crest Factor Reduction (CFR) and/or Digital Pre-Distortion (DPD) to improve PA performance. Since these algorithms are strongly implementation-dependent, there is no agreement on a common model in last RAN4 meeting. Especially, when DPD algorithm is considered, it is expected that the non-linearity of PA can be largely compensated. As utilization of CFR and DPD algorithms is to improve the PA efficiency and comply with the spectrum related requirements, if there is no agreement on the implementation dependent algorithms, at least we can consider some appropriate margins to reflect the characteristics resulting from using these advanced algorithms, say several dB margins for ACLR and SEM requirements. It is also noted that even it was mentioned for the DL part in RAN1 that the model considers DPD and CFR, no specific margin is proposed, which is not realistic from the implementation point of view. 
Different from UE side, BS seldom to define power back off to fulfil the specified requirements in order not to affect the network performance, though the actual output power could be declared by the manufacturer in some cases. From the existing UE requirements, it can be seen that the MPR values are different for different modulation schemes. Similarly, if the output power under evaluation for BS is fixed, the PA operating point could be different for different modulation schemes or meeting different requirements. Shall we fix both the operating point and output power or keep some flexibility of selecting the operating point while fix the output power to meet all related requirements? We think the latter option is more reasonable in waveform evaluation. 
Memory effect was once discussed for the PA model. The models discussed in RAN4 so far are all memoryless ones. For the PA that has a memoryless nonlinearity, the current output depends only on the current input through a nonlinear mechanism. For example, the instantaneous nonlinearity of Rapp model is characterized by the AM/AM and AM/PM responses of the power amplifier, where the output signal amplitude and phase deviation of the power amplifier output are given as functions of the amplitude of its current input. As the signal bandwidth gets wider, PA begins to exhibit memory effects. This is especially true for those high power amplifiers used in wireless base stations. Volterra series is a general nonlinear model with memory. However, the large number of coefficients in the Volterra series makes it unattractive for practical applications. Though there are some improved models based on Volterra Series, we feel it is too complicated for the evaluation in standard. Further more, the channel bandwidth under current NR waveform evaluation is not wide enough to present the memory effect. Most importantly, the evaluation is focused on the difference among the waveforms in presence of PA non-linearity, rather than to evaluate PA models. Therefore, we think that memoryless PA model is enough for the waveform evaluation at the time being. The task of RAN4 is to find an appropriate PA model with enough accuracy as well as acceptable complexity. 
Observation 2: Some appropriate margins shall be considered when apply the RF requirements to reflect the characteristics resulted from using CFR and DPD algorithms.
Observation 3: Channel BW under waveform evaluation is not wide enough to present obvious memory effect. Also considering the complexity of the PA modelling, it may not be necessary to model memory effect in the evaluation; instead, implementation margin could be considered to cover the unsymmetrical spectrum caused by memory effect.
5) Considerations of UE PA model
The UL polynomial model provided in the LS to RAN1 is based on the measurement data. It is obvious that the existing UE PA for LTE is optimized for DFT-S-OFDM, which has low PAPR compared to OFDM for the DL for LTE. Therefore, if the UL signal in the evaluation is not DFT-S-OFDM based, say, the CP-OFDM waveforms, it is expected that the power back-off would be larger than that of LTE signal. Since the symmetric design is one possible option under discussion in RAN1 and there is no conclusion yet, we think that there is no need to judge the waveforms under evaluation based on power back-off compared to LTE, and it is not the right time to define specific RF MPR requirements in the SI stage, therefore, we just need to focus the evaluation of waveforms themselves right now. For UE PA model, the maximum output power is only used for calibration, and the actual power back-off depends on meeting the spectrum related RF requirements. 
Observation 4: UE PA operating point is determined at the maximum output power, while the specific power back-off is not the metric at this moment to judge the CP-OFDM based waveforms compared to DFT-S-OFDM based LTE signal. 
6) Comparison of PA models, e.g. Rapp and measurement results

In last RAN4 meeting, the agreement is that the Rapp model is considered a better model than the clipping model, while the recommended one for UE side below 6GHz is the polynomial model. Here, we make some comparisons of the Rapp model and the polynomial model to better understand these two memoryless models.
Regarding the polynomial model provided in the RAN4 LS, it is based on measurement data from a commercial 3.5GHz LTE UE PA. In other words, the PA is optimized for LTE UL signal. It is known that the LTE UL signal is based on DFT-S-OFDM in order to reduce the PAPR, and there is no conclusion yet in 3GPP that the UL transmission for NR is limited to DFT-S-OFDM only, therefore, we are not so sure the model based on measurement data, especially the data is based on a PA optimized for LTE, is the most appropriate one for NR evaluation. 
The modified Rapp model with AM/AM and AM/PM distortions can be modelled as: 
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The proposed values for BS during RAN1 email discussion are p=3, q=5, A=-0.14 and B=1.2. G is normalized to 1. The smoothness factor p is a main factor to determine the non-linearity level of the PA model. If p is chosen as 100, it would be identical to a clipping model. Vsat determines the saturation operating point of the PA. For the supposed output power and requirements to be met, the parameters of the Rapp model can be decided accordingly. 
Figure 2 provided the simulated results of Rapp model and a polynomial model based on 2GHz measurement data. Only ACLR is considered in this simulation. The PA models are calibrated upon usual UE simulation assumptions as described in above section. 
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Figure 2 Comparison of Rapp model and measured polynomial model

It can be seen from the results that under the same prerequisites, the characteristics of Rapp model and the measurement based polynomial model are very similar at the near end spectrum. That means with appropriate parameters, the Rapp model can match well with the measured polynomial model, and Rapp model was also used by the IEEE 802.15.3c 60GHz WPAN standardization group for PA impact evaluation [3]. Thus, we think that Rapp model is more flexible, which can be used for both below 6GHz and above 6GHz evaluations and the characteristics difference due to frequencies and implementation capabilities of the PA can be adjusted by parameters of the PA model.
Observation 5: The near end spectrum of Rapp model and measured polynomial model are matched well after calibration based on certain RF requirements, and Rapp model is flexible which can be used for both below 6GHz and above 6GHz.

7) Principles in selecting PA models 
Based on above discussion, some principles in selecting the PA models shall be considered:

· When the key parameters of PA models are settled down in compliance with SEM, ACLR and EVM requirements, the same parameters shall be used for all candidate waveforms under evaluation. 
· To reflect the CFR and DPD in the PA model, appropriate margins should be considered in using the ACLR and SEM requirements.

· For DL evaluation, when the key parameters of the PA model are decided, the output power shall be fixed to 46dBm for macro scenario, while the saturation output power can be flexibly decided
· For UL evaluation, when the key parameters of the PA model are decided, the fixed maximum output power, e.g. 22dBm for UE with 1dB MPR, is used in calibration of the PA model to fulfil corresponding requirements, and the actual output power depends on the simulation, which is not a metric in evaluation of waveforms. 
3 Conclusion
Further consideration of PA model for waveform evaluation is discussed in this contribution. Some principles in selecting PA models are suggested. 
After comparison of existing PA models and considering of further above 6GHz evaluation with these principles, we think that Rapp model is the more appropriate one in waveform evaluations. 

Observation 1: Appropriate RF requirements besides the PA model shall be considered in the waveform evaluation, e.g. SEM, ACLR and EVM.
Observation 2: Some appropriate margins shall be considered when apply the RF requirements to reflect the characteristics resulted from using CFR and DPD algorithms.

Observation 3: Channel BW under waveform evaluation is not wide enough to present obvious memory effect. Also considering the complexity of the PA modelling, it may not be necessary to model memory effect in the evaluation; instead, implementation margin could be considered to cover the unsymmetrical spectrum caused by memory effect.

Observation 4: UE PA operating point is determined at the maximum output power, while the specific power back-off is not the metric at this moment to judge the CP-OFDM based waveforms compared to DFT-S-OFDM based LTE signal.

Observation 5: The near end spectrum of Rapp model and measured polynomial model are matched well after calibration based on certain RF requirements, and Rapp model is flexible which can be used for both below 6GHz and above 6GHz.
Proposal: It is proposed to use the Rapp model for both below 6GHz and above 6GHz evaluation. 
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